Recent evidence on perovskite to post-perovskite phase change in the lowermost mantle suggests that post-perovskite piles or lens should be present in the relatively cold downwelling areas, while the roots of the hot upwelling plumes consist of perovskite. Post-perovskite is often believed to be deformed predominantly by the dislocation creep and there are some hints that the activation parameters of the dislocation creep in post-perovskite induce lower viscosity than that of perovskite at the same pressure and temperature conditions. That can even result in a viscosity paradox in the lowermost mantle-viscosity in cold downwellings transformed to post-perovskite might be lower than the viscosity of warm perovskite plumes. Such a viscosity structure was indeed recently suggested by the geodynamical inversions of the geoid. Rheologically weak areas at the base of the subducted slabs may have important consequences for the slab deformation in the D . We investigate the dynamics of the cold slabs transformed to postperovskite in the lowermost mantle by means of the simulations of thermal convection in a 2D Cartesian model of the lower mantle with composite rheology including diffusion creep and dislocation creep. Different creep parameters are used for the perovskite lower mantle and for the post-perovskite lens (or layer) respectively. While perovskite is considered to be deformed via linear diffusion creep, postperovskite is modeled either as a constant viscosity material (with viscosity ranging from 10 20 Pa s to 10 23 Pa s) or it is deformed purely by the dislocation creep. The presence of the rheologically distinct postperovskite not only strongly influences the slab deformation above the core-mantle boundary (CMB) but also results in different dynamic regimes of the CMB region (characterised by, e.g., the different length scales of the upwelling plumes) depending on the creep parameters of post-perovskite. Further, the presence of very low viscosity lens or a layer above the CMB strongly enhances the CMB heat flux in the cold slab areas. According to the amount of post-perovskite present in the D and the rheology of post-perovskite the heat flux across the CMB can vary considerably with time, which may have important implications for the core-mantle coupling and the character of the Earth's geomagnetic field.
Introduction
The lowermost layer of the Earth's mantle, the D , has been subject to investigations for past few years. The complex structure and dynamic processes occurring in this thermo-chemical boundary layer received a lot of attention and many scenarios of its development have been suggested. Recently, an interest in this particular mantle region has been promoted by the discovery of the new high-pressure phase-the post-perovskite (Murakami et al., 2004; Oganov and Ono, 2004; Tsuchiya et al., 2004) . The exothermic phase change of perovskite to post-perovskite has been reported to occur several hundred kilometers above the CMB. The large Clapeyron slope of this exothermic phase change -about 9 MPa/K -should yield large lateral variations of the boundary depth or even disappearance of the post-perovskite in the hot plume root regions. Moreover, the steep vertical thermal gradients in the bottom boundary layer should result in a double crossing of the phase boundary and thus the existence of the isolated post-perovskite lens has been predicted (Hernlund et al., 2005) and later even supported by seismic observations (van der Hilst et al., 2007) ; see also the discussion by, e.g., Hirose and Lay (2008) ; Shim (2008) . The presence of the post-perovskite piles both overlain and underlain by perovskite is not only very important for constraining the mantle geotherm, but could also have a strong influence on the lowermost mantle dynamics, provided that the transport properties of post-perovskite are not the same as those of perovskite (e.g., Yuen et al., 2007) . The electrical conductivity of post-perovskite has been reported to be significantly higher than that of perovskite (Ono et al., 2006; Ohta et al., 2008) . Similarly, there are some hints, that the viscosity may differ considerably between the perovskite and the postperovskite. Though the precise determination of the post-perovskite rheology is still a task for future research, there are several indications that may help to constrain the model of the lowermost mantle deformation. The lack of the seismic anisotropy observations in the bulk of the lower mantle is generally interpreted as the evidence of the predominantly diffusion creep deformation of the perovskite (Yamazaki and Karato, 2001 ). On the other hand, the lattice preferred orientation observed in the bottom boundary layer indicates that in the D the role of the dislocation creep is dominant (Karato, 1998; Yamazaki et al., 2006) . This hypothesis is supported by several other evidences coming from both the first principle calculations (Oganov and Ono, 2005; Carrez et al., 2007) and the experiments carried out on the CaIrO 3 perovskite and post-perovskite (Walte et al., 2007) . There are certain indications, that the yield strength difference between the perovskite and post-perovskite may be as high as 2-3 orders of magnitude (A. Oganov, personal communication) . We should emphasize, however, that our knowledge of the post-perovskite rheology is far from being robust and some of the estimates mentioned above may be affected by the application of an inaccurate theory or by the low temperature of the experiments, as discussed by Yamazaki and Karato (2007) . Another physical mechanism that might significantly decrease the viscosity of post-perovskite in comparison with that of perovskite is the weakening of the diffusion creep due to the grain size reduction (for general discussion of the grainsize sensitive creep, see, e.g. Karato et al., 1995; Solomatov, 1996; Yamazaki et al., 1996; Riedel and Karato, 1997; Solomatov et al., 2002) . The change in the grain size due to the perovskite to-postperovskite phase transition may lead to a significant weakening of the slabs which would have important implication for their deformation and influence the long-wavelength geoid considerably (Tosi et al., 2009) .
Moreover, it could explain a viscosity paradox found in the recent geoid inversions. Čadek and Fleitout (2006) , who inverted the geoid to constrain the lateral viscosity structure just above the CMB, report on the first look contraintuitive viscosity pattern within the D . They observe relatively high viscosity under the hotspot areas, while, unexpectedly, low viscosity turns out below the areas of paleosubductions. Such a pattern can be explained, if we assume that the post-perovskite lens formed in the cold slabs are much weaker, than the neighbouring perovskite plumes (Fig. 1) , as was suggested by Yuen et al. (2007) . It should be mentioned, however, thatČadek and Fleitout (2006) assumed that the seismic velocity anomalies in the mantle are of thermal origin and considered only positive values of the velocity-to-density scaling factor when performing the inversion. As suggested in numerous stud- ies (Ishii and Tromp, 1999; Masters et al., 2000; Karato and Karki, 2001) , the velocity variation in some parts of the mantle may be due to chemical heterogeneity, although some other studies (e.g. Forte and Mitrovica, 2001; Forte et al., 2002) argue for mostly positive correlation between the seismic velocity variations and the density anomalies driving the flow in the mantle. In spite of the large uncertainty in the model given byČadek and Fleitout (2006), we believe that the viscosity distribution presented there for the core-mantle boundary region may reflect basic rheological properties of material in the lowermost mantle and it is worth further testing.
In the present paper we study the dynamics of the slabs in the lowermost mantle by means of the numerical simulations of the thermal convection. We consider the perovskite to post-perovskite phase transition and assume, that the rheological description of the post-perovskite differs from that of the perovskite. Since the rheology of post-perovskite is not well constrained so far, we perform a parametric study and test several values of post-perovskite activation parameters as well as the characteristics of the perovskite to post-perovskite phase change, namely the temperature intercept. We test, whether the scenario of the low viscosity lens under the cold slabs surrounded by the (relatively) high viscosity perovskite plumes is dynamically feasible. Further, we explore how the rheologically distinct post-perovskite influences the dynamics of the D region, especially the size of the plumes, their activity and the heat transport from the core.
Model
To study the dynamics of the slabs in the lowermost mantle, we have performed the numerical simulations in a 2D Cartesian finite element model. We have used the extended Boussinesq approximation (including the viscous and adiabatic heating) with an infinite Prandtl number (Ita and King, 1994) . We have solved the equations of the mass, momentum and energy conservation (for the details see, e.g. van Hunen et al., 2000) using the finite element package SEPRAN (Segal and Praagman, 2005) .
Our rectangular model domain spans the lower mantle-its upper boundary thus represents the boundary at the 660 km depth and the lower boundary is the CMB. The domain is 2240 km deep and its aspect ratio is five. At the bottom and both sides the impermeable free-slip boundary conditions are prescribed. The top boundary is divided into three parts: two 3400 km long segments located in the left and right hand parts of the top boundary (Fig. 2) , where the influx is prescribed and the central part, where free outflux is assumed. The influx parts of the boundary allow us to prescribe two slabs sinking into the lower mantle, one positioned 1800 km far from the left-hand corner, the other one 2200 km from the right-hand corner. Both slabs are modeled as a Gaussian shape anomaly with a halfwidth of 150 km and the maximum temperature contrast of 800 K with respect to the ambient mantle. The temperature boundary conditions are as follows: at the bottom, a constant temperature of 4000 K is prescribed, while at the influx parts of the upper boundary we have the temperature of 1900 K which drops to 1100 K at the places, where the slabs are located. Thus we have a constant influx of cold material at two fixed positions with the influx velocity of 3 cm/yr. At the verti-cal sides and at the free outflux part of the top a zero heat flux is prescribed. The initial temperature distribution is obtained by running a short initial run with the above mentioned temperature boundary conditions, but with the impermeable free-slip on all boundaries. This allows us to develop a temperature distribution in the bottom thermal boundary layer, which is consistent with the model rheology. At the beginning of our model runs we thus have two cold slabs subducted to about one-third of the lower mantle and a developed plume in the bottom boundary layer.
Rheological description of the mantle material often assumes a composite model (van den Berg et al., 1993) , where the diffusion and dislocation creep are combined and the effective viscosity is
The viscosities of the diffusion and the dislocation creep follow the Arrhenius law:
The list of used symbols is given in Table 1 . As perovskite is supposed to deform purely by diffusion creep, we assume, that in perovskite Á eff = Á diff . Since the rheological parameters of perovskite are not very well constrained, we test two sets of activation parameters. The first one with relatively low values of the activation parameters is motivated by the results of Knittle and Jeanloz (1987) , who report low values of the activation parameters of back transformation of perovskite. The prefactor A diff was taken such as to produce a reasonable value of the lower mantle viscosity (ranging between 10 22 Pa s and 10 23 Pa s). The second set has somewhat higher activation energy and activation volume. Those were derived on the basis of the paper by Yamazaki and Karato (2001) , by fitting their viscosity curves. What concerns postperovskite, the rheological parameters are even less constrained. We assume that post-perovskite deforms via dislocation creep and Á eff = Á disl in post-perovskite. The activation parameters are however not known. We have some indications that the viscosity of post-perovskite may be by up to 2-3 orders of magnitude lower than the viscosity of perovskite under the same pressure and temperature conditions. Since we have no information about the activation parameters, we take the activation energy and activation volume of dislocation creep in post-perovskite equal to the diffusion creep activation parameters of perovskite. The prefactor A disl is then chosen to produce the post-perovskite viscosity approximately 2 orders of magnitude weaker than that of perovskite. The power-law exponent n is equal to 4 in all calculations. In addition to the above mentioned models, we also test a simplified model, where the perovskite is deformed via diffusion creep with 
A disl 1 × 10
n 4 pressure and temperature dependent viscosity, while the postperovskite is even simpler-it deforms via diffusion creep with a constant viscosity. We thus have the following sets of rheological parameters: (1) set RKJ, where the activation parameters based on Knittle and Jeanloz (1987) are used for the perovskite and the post-perovskite is not taken into account, (2) set RKJ-C with the same perovskite parameters, while post-perovskite has a constant viscosity ranging between 10 20 Pa s and 10 22 Pa s, (3) set RKJ-PL with a perovskite based again on Knittle and Jeanloz (1987) and a corresponding power-law post-perovskite and (4) set RYK-PL with the perovskite parameters based on Yamazaki and Karato (2001) and a corresponding power-law post-perovskite (see Table 2 ). The phase change of the perovskite to post-perovskite is characterised by two parameters-intercept temperature and Clapeyron slope. The latter is taken to be constant in all calculations (9 MPa/K). In most of our calculations we assume the intercept temperature of 3500 K, we however test the influence of this parameter by varying it in the range 3300-4200 K. The phase transition is parameterised with a harmonic phase function (van Hunen et al., 2004) with the transition width being 10 km. Both buoyancy and latent heat effects of the phase transition are taken into account.
Results
We will now discuss the results obtained for the different parameters of the post-perovskite phase transition and the different rheological models. For each model we will show one snapshot taken after 350 Myr evolution from the initial state. (Fig. 3a) is characterised by two downwelling slabs and one plume between them. When the slabs reached the CMB, they were deflected towards each other (resembling two ice-hockey sticks) and pushed the warm material between them to form an upwelling plume. The thermal anomaly associated with the cold slabs lying flat in the D is quite strong -about 500 K -and induces the high viscosity (over 10 23 Pa s) in these areas. The viscosity in the central plume is by 1-2 orders of magnitude lower. Considering the perovskite to post-perovskite phase transition changes the situation in the slab areas in the CMB region. Let us consider first, that the viscosity of the post-perovskite is constant and equal to 10 21 Pa s (Fig. 3b) . Compared to the previous model, the viscosity distribution in the CMB region has changed considerably. We still have a plume in the middle of the model box with the viscosity of about 10 22 Pa s, but now it is surrounded by two low-viscosity postperovskite lenses. The weak post-perovskite just above the CMB can spread easily, which results in a more symmetric pattern of the cold anomalies at the bottom of the mantle. There are no 'hockey sticks' in this case and the cold anomaly associated with the flat-lying slab material is considerably smaller than that in model RKJ shown in Fig. 3a . The temperature contrast between the central plume and the ambient mantle is almost negligible in the mid-lower mantle and, therefore, relatively low viscosities are present only in the root and the head of the plume. If we take a more complex model of the post-perovskite deformation (power-law, model RKJ-PL), we obtain similar results (Fig. 3c) . Despite the fact that the effective viscosity within the post-perovskite lenses is somewhat higher than in the case shown in Fig. 3b , the dynamics of the model is almost the same.
Though little observational evidence is available to constrain the lowermost mantle flow, some information can be retrieved from the seismic observations. The model of the lowermost mantle seismic anisotropy (Panning and Romanowicz, 2006) shows that in the circum-Pacific regions the horizontally polarized Swave is faster than the vertically polarized one (v SH > v SV ). It has been shown by Mcnamara et al. (2001) ; Mcnamara (2003) , that the localization of the dislocation creep in the bottom layer of the perovskite mantle under the slabs may produce the necessary LPO, but it cannot explain the amplitude of the anisotropy (Shim, 2008) . This, however, may be attributed to post-perovskite, which should be present in these presumably cold areas below subduction zones (e.g. Oganov and Ono, 2004; Shim, 2008) . The role of post-perovskite in explaining the observed lowermost mantle anisotropy is not yet completely clear due to the disagreement about the correct slip system for post-perovskite (Wookey and Kendall, 2007) . Yamazaki and Karato (2001) The presence of the low-viscosity post-perovskite at the base of the model changes the geotherm in the lowermost mantle. Fig. 5 shows the average geotherms for the models shown in Fig. 3 : RKJ (solid line) and RKJ-PL (dashed line). Both are plotted for the depths below 2000 km. The geotherm for the model RKJ-C is not plotted here-it is very close to the dashed line and the model RKJ-PL. The distribution of the average temperature in both models is very close to each other up to the depth of about 2200 km and their gradient is approximately adiabatic. Below that depth (above the D ) both geotherms are substantially subadiabatic. Similar to the results of Nakagawa and Tackley (2004) ; Tackley et al. (2007) , the geotherm of model with power-law postperovskite (RKJ-PL) is warmer than that of the model without post-perovskite (RKJ) by more than 100 K. The model including low-viscosity post-perovskite shows also a steeper increase of tem- perature in the CMB region, thus indicating an increased heat flux from the core.
The motivation for this work came from the inversion of the geoid byČadek and Fleitout (2006) predicting low viscosity under the cold downwellings and higher than average viscosity under the hotspots. Fig. 6 illustrates the lateral viscosity variations 80 km above the CMB in the models without and with the post-perovskite phase change. In the model RKJ without post-perovskite the viscos- ity maxima are located under the slabs, while the low viscosity is obtained in the plume area (red line). If the post-perovskite with a power-law creep is considered (model RKJ-PL) we indeed get an inverse viscosity distribution with the low viscosity in the cold post-perovskite slabs and a relatively high viscosity in the warm perovskite plume (blue line).
So far we have concentrated on the models with an intercept temperature of 3500 K. Let us now look at the influence of the intercept temperature on the dynamics of the CMB region. Fig. 7 shows the results obtained for the models with power- Fig. 7 . Temperature (first row), viscosity (second row), the distribution of post-perovskite (third row) and the geotherms together with the Clapeyron curve (fourth row) obtained in three models with different intercept temperature: (a) T int =3300 K, (b) T int =3800 K and (c) T int =4200 K. The cold (blue) geotherm taken through the slab, warm geotherm (red) taken through the plume and the average geotherm (black) are shown. The Clapeyron slope of 9 GPa/K is applied in all these models. Post-perovskite is deformed via dislocation creep. The activation parameters set RKJ-PL is assumed for perovskite and post-perovskite. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) Table 1 ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) law creep in post-perovskite (rheological model RKJ-PL) and for the three values of the intercept temperature: 3300 K (panel a), 3800 K (panel b) and 4200 K (panel c). In the case of the low intercept temperature the average geotherm (black line) lies above the Clapeyron curve (Fig. 7a, bottom row) and the post-perovskite thus appears only in the coldest parts of the model (cold geothermblue line). The lenses here are smaller than in the previously discussed model with T int = 3500 K (cf. Fig. 3c ), but the dynamics of these models is similar. If a higher intercept temperature of 3800 K is considered (Fig. 7b) , the average geotherm has a double crossing with the Clapeyron curve. In this model we observe large lenses of post-perovskite, forming almost a continuous layer. The presence of the low viscosity material at the CMB enhances the activity of small plumes (lower left and lower right corners of the box), but there is still one larger plume in the middle of the box. In the third model (panel c) the intercept temperature is higher than the CMB temperature and the continuous layer of post-perovskite is formed. The cold anomaly associated with the slabs in the lowermost mantle is rather weak in this case, so the temperature at the foot of the geotherm is higher here compared to the models shown in Fig. 7a and b . Between the slabs, in the middle of the box, we find a swarm of small-scale plumes, rather than one strong plume as in the previously discussed models.
Since the rheological parameters of neither perovskite nor postperovskite are well constrained, we tested the influence of the rheological parameters on the dynamics of the lowermost mantle. Fig. 8 compares the results obtained for the rheological model RKJ-PL with those reached for the model RYK-PL with the higher value of the activation parameters. In both models the intercept temperature was 3500 K. Panel a shows the results for the lower value of the activation parameters (the same model as shown in Fig. 3c ). The horizontally averaged viscosity (bottom row in panel a Fig. 7 , black line) does not change substantially over the lower mantle (it is about 10 22 Pa s) except for the bottom boundary layer, where it drops by about an order of magnitude due to the presence of the weak post-perovskite. The rheological model RYK-PL (panel b Fig. 7 ) yields a stiffer lower mantle (cf. Fig. 8a and b, second row). The horizontally averaged viscosities are now about a factor 5 higher than in the previous case (Fig. 8b, fourth row) . The temperature distribution is slightly different-the geotherm in the lower part of the model domain is warmer, but the basic dynamic characteristics of the models Fig. 8a and b are similar.
As we already mentioned above, the presence of the weak post-perovskite in the bottom boundary layer has important consequences for the average geotherm above the CMB. We shall now look at the heat flux evolution in some of the models discussed above. In Fig. 9a we show the average heat flux at the CMB as a function of time for the models with the constant viscosity postperovskite. The intercept temperature in all three models shown here is 3500 K. In the model without post-perovskite (red line) the heat flux is increasing slowly at the beginning of the calculation as the slab is descending through the mantle. At a time slightly over 100 Myr, when the slabs reach the bottom of the mantle, the heat flux increases faster and then remains more or less constant. If the post-perovskite phase transition is considered with the post-perovskite viscosity of 10 22 Pa s (yellow line), the heat flux increase is much more rapid after the slabs reach the CMB. The low viscosity areas in the lower boundary layer enhance the heat flux considerably. If the post-perovskite viscosity is yet lower (10 20 Pa s, green line), the heat flux increase is even higher. In the presence of the isolated lenses of a lowviscosity post-perovskite, the average heat flux at the CMB could vary by about a factor of 1.5-2 depending on the post-perovskite viscosity. Fig. 9b shows the evolution of the CMB heat flux as a function of the intercept temperature for the power-law creep post-perovskite (rheological model RKJ-PL). The average heat flux increases now with the intercept temperature-the more postperovskite we have in the bottom boundary layer, the higher the heat flux is.
The details of the CMB heat flux are further illustrated in Fig. 10 . Here we plot the normalized heat flux along the CMB at one time instant (taken after 350 Myr evolution from the initial state) for several models with different intercept temperatures. The model RKJ without post-perovskite (dashed orange line) has a minimum in the middle of the box, where the plume is located (cf. Fig. 3a) and two maxima associated with the cold feet of the two slabs. When the weak post-perovskite lenses with the temperature intercept of 3500 K are present (purple solid line), the heat flux peaks in the cold slab areas are by about a factor of 2 higher than in the model with strong perovskite slabs (orange dashed line). With yet higher intercept temperatures there is more post-perovskite in the bottom boundary layer and the heat flux maxima grow higher (by up to a factor 3-dark blue and light blue solid lines).
Finally, we have tested the effect of the lower CMB temperature to our results (T CMB = 3800 K and T CMB = 3500 K). We can generally conclude that the flow situation does not change considerably except perhaps slightly thicker and more sluggish plumes. What concerns the CMB heat flux, the curves for the lower CMB temperatures are rather similar to the curves shown in Fig. 10 -assuming the low viscosity power-law creep for post-perovskite greatly enhances the peaks of the CMB heat flux under the cold slabs.
Conclusions
We have shown that the concept of weak post-perovskite lens surrounded by relatively stiff perovskite plumes which could explain the viscosity paradox suggested by the geoid inversion (Čadek and Fleitout, 2006) is dynamically feasible. We tested two different models of activation parameters for perovskite (Knittle and Jeanloz, 1987; Yamazaki and Karato, 2001) and found that the shape of the post-perovskite lens as well as the dynamic regime of the D layer do not depend much on the rheological model of perovskite. The rheological description of post-perovskite (constant viscosity vs. power-law) and its actual effective viscosity do not play an important role either, provided the post-perovskite is weaker than perovskite.
The dynamics of the D layer is strongly influenced by the parameters of the perovskite to post-perovskite phase transition, namely by the temperature intercept. If T int is in the range 3300-3800 K, the post-perovskite forms the isolated patches. Regardless their size, the flow character is rather similar-the two cold slabs are separated by one plume formed in between. The adopted rheological model of perovskite results in the creation of the central plume, which is in terms of viscosity "almost invisible" in the mid-lower mantle. The situation changes only if the intercept temperature is higher than the CMB temperature. Then the postperovskite forms a continuous layer at the bottom of the mantle and its low viscosity gives rise to a swarm of small plumes rather then one big plume as in the previous cases. The horizontal shear flow developed in the weak post-perovskite lenses may explain the polarization anisotropy observed in the paleoslab areas in the lowermost mantle.
Ever since the post-perovskite phase transition was discovered, the effect of post-perovskite to the CMB heat flux and the core-mantle coupling has widely been discussed Tackley, 2004, 2008; Buffett, 2007; van der Hilst et al., 2007; . Tackley (2004, 2008) discuss the effects of post-perovskite phase transition on the CMB heat flux in the models of thermal and thermo-chemical convection and conclude, that the deep exothermic phase change enhances heat transport. Further, they show that the peak-to-peak lateral variations of the CMB heat flux generate the heat flux ratio q * = (q max − q min )/(2q average ) higher than 1, which may be potentially problematic for the dynamo generation (Olson and Christensen, 2002) . In their models the post-perovskite has the same rheology as perovskite. Here we show that the presence of the rheologically weak post-perovskite in the CMB region decreases the thickness of the bottom boundary layer and strongly enhances the core-mantle heat flux in the cold areas below the slabs. Thus it should further increase the heat flux ratio q * , which could have an impeding effect to the core dynamo action. We should note here, however, that our model concentrates on the local effect of the weak post-perovskite in the cold slab areas. Thus most of our model domain is occupied by the cold downwellings and our results cannot be representative for the global heat flux characteristics. Further, we should emphasize that our heat flux maximum is rather narrow and its wavelength is therefore not comparable with the relatively long wavelength heat flow pattern considered in the laminar regime dynamo studies (Christensen and Olson, 2003) .
As the rheology of post-perovskite influences considerably the shape of post-perovskite lens, character of the lowermost mantle flow and the CMB heat flux, the new mineral physics constraints on the rheological parameters of the post-perovskite are crucial for further understanding of the lowermost mantle dynamics.
